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It i s  known t h a t  t h e  d i f f e r e n t i a l  thermal a n a l y s i s  (DTA) curve of b a s i c  
magnesium carbonate  e x h i b i t s  an exothermic process .  It w a s  found i n  t h i s  
s tudy  t h a t  t h i s  exothermic process  was g r e a t l y  a f f e c t e d  by t h e  atmosphere i n  
which t h e  decomposition r e a c t i o n  w a s  ca r r i ed  out .  This  exothermic process  
and i t s  cause were followed by DTA, thermogravimetric a n a l y s i s  (TGA), x-ray 
d i f f r a c t i o n ,  and chemical analyses .  

When b a s i c  magnesium carbonate  i s  heated i n  a i r  o r  n i t r o g e n ,  i t  l o s e s  
water i n  t h e  temperature  range 150-350°C t o  become amorphous magnesium car- 
bonate.  This  amorphous carbonate  begins t o  d i s s o c i a t e  from about 4 O O O C  t o  
become amorphous magnesium oxide.  
oxide starts a t  about 505OC, and t h i s  is  t h e  source  of t h i s  exothermic pro- 
cess. The exothermic process  is  much g rea t e r  when t h e  h e a t i n g  is  conducted 
i n  an atmosphere of carbon d ioxide ,  
cess w a s  seen  when t h e  hea t ing  w a s  conducted under reduced pressure .  The 
occurrence of t h e  exothermic peak i n  the DTA curve and i t s  magnitude are 
c o n t r o l l e d  by t h e  ease a t  which C02 i s  re leased  from w i t h i n  t h e  amorphous 
oxide.  

The c r y s t a l l i z a t i o n  of t h i s  amorphous 

On t h e  o t h e r  hand, no exothermic pro- 

1 I n t r o d u c t i o n  

When s o l i d  salts  of t h e  a c i d  salts ,  b a s i c  sa l t s ,  o r  hydroxides of 
metals are sub jec t ed  t o  d i f f e r e n t i a l  thermal a n a l y s i s  (DTA), t h e r e  are some 
which e x h i b i t  no t  only a h e a t  absorpt ion peak b u t  an exothermic peak as 
w e l l .  When sal ts  of t r a n s i t i o n  metals are hea ted ,  low oxides are formed by 
t h e  thermolysis  which is  then  o f t e n  followed by an exothermic peak. 
l a t t e r  r e a c t i o n ,  however, does n o t  t ake  p l a c e  un le s s  t h e r e  i s  oxygen i n  t h e  
atmosphere. This  i s  t o  s a y  t h a t  t h e  exothermic peak i s  n o t  seen  i n  an i n e r t  
atmosphere. On t h e  o t h e r  hand, t h e  salts of calcium and magnesium which do 
no t  belong t o  t h e  above mentioned group f r equen t ly  show both  t h e  h e a t  ab- 
s o r p t i o n  and hea t  release peaks. 

This  

*Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  fo re ign  t e x t .  
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Rao [l] observed exothermic peaks i n  t h e  DTA curves of  MgCO3, C a C 0 3 ,  
ZnC03, and CdC03. H e  concluded f o r  t h e  r e s u l t s  of x-ray s t u d i e s  t h a t  t h e  
cause of t h i s  h e a t  release w a s  t h e  amorphous oxide formed by t h e  thermolys is  
be ing  redeployed i n t o  a s t a b l e  oxide la t t i ce .  Beck [2]  made DTA s t u d i e s  of 
a number of Mg sal ts ,  and came t o  t h e  same conclusion w i t h  Rao, however, h i s  
b a s i s  is  no t  r e a l l y  clear. D e l l  and workers [3] made DTA s t u d i e s  of MgC03, 
3H20 and MgO*CO2 om86)*H20(1.3g) and repor ted  t h a t  p a r t  of t h e  magnesite 

a s t a b l e  magnesite l a t t i ce .  As  a r e s u l t ,  they explained t h e r e  was excess  
energy be ing  r e l e a s e d  t o  give t h i s  exothermic peak. 

produced by t h e  6 ehydra t ion  d i s s o c i a t e d  but  a remainder w a s  redeployed i n t o  

The s t u d i e s  mentioned have r e l i e d  on s m a l l  changes i n  t h e  x-ray r e s u l t s  
upon which some r a t h e r  bo ld  conclusions were based, and t h e  r e s u l t s  t hus  f a r  
do no t  seem e n t i r e l y  conclusive.  The authors  focused t h e i r  a t t e n t i o n  on t h e  
e f f e c t  of t h e  surrounding atmosphere on t h e  exothermic peak i n  t h e  DTA curve 
and s t u d i e d  t h e  r e l a t i o n  between t h e  magnitude of t h i s  exothermic peak and 
t h e  atmosphere as w e l l  as t h e  r e l a t i o n  between t h i s  atmosphere and t h e  pro- 
p e r t i e s  of t h e  subs tance  undergoing thermal changes. They employed DTA, 
thermogravimetr ic  a n a l y s i s  (TGA), spec i f ic  h e a t  measurements, i n f r a r e d  
s p e c t r a l  a n a l y s i s ,  chemical a n a l y s i s ,  and e l e c t r o n  microscopy t o  t h e  solu-  
t i o n  of t h i s  problem. 

2 Experimental  Procedure 

The material  used i n  t h i s  s tudy was b a s i c  magnesium carbonate  of rea- 
gent  grade q u a l i t y  made by t h e  Kanto Chemical Company. 
s t u d i e s  e s t a b l i s h e d  i t s  composition t o  b e  r ep resen tab le  by 4MgC03*Mg(OH) 2 -  

X-ray d i f f r a c t i o n  

4H2O. 

The fol lowing measurements were made f i r s t  of a l l  t o  see what changes 
t h i s  material underwent as i t  w a s  heated cont inuously.  

2 .1  D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) 

A model HR-101 Galvanograph made by t h e  Sanei  Instrument  Company w a s  
a t tached  t o  a manual instrument  made by t h e  Mitamura Riken Company t o  
f a sh ion  a s e l f  record ing  DTA u n i t .  This instrument  w a s  operated a t  5 ,  10 ,  
and 15'C/min h e a t i n g  rates t o  see what e f f e c t  t h i s  ra te  of hea t ing  had on 
t h e  DTA curves and p a r t i c u l a r l y  on the exothermic peak. Next, t h e  e f f e c t  
of t h e  atmosphere w a s  looked i n t o  and the hea t ing  w a s  conducted i n  a i r ,  
n i t r o g e n ,  carbon d ioxide ,  o r  reduced p res su re  media. The hea t ing  rate he re  
w a s  s tandard ized  a t  lO"C/min. 

Next, another  DTA instrument  w a s  coupled t o  t h e  d e t e c t o r  u n i t  of a gas 
chromatograph w i t h  t h e  c i r c u i t  of t h e  type shown i n  Fig. 1 t o  analyze the 
e f f l u e n t  gas  (EGA, e f f l u e n t  gas ana lyzer ) .  This  s e tup  made p o s s i b l e  t h e  
s imultaneous record ing  of t h e  DTA curve toge the r  w i th  t h e  de te rmina t ion  of 
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t h e  changes i n  t h e  gas being r e l eased  by thermolysis.  
i t  p o s s i b l e  t o  determine whether t h e  hea t  absorp t ion  o r  release r e a c t i o n  w a s  
accompanied by gas release. 
d i f f e r e n t  gases wi th  t h i s  se tup .  The carrier gas w a s  a i r  o r  n i t r o g e n  gas.  

This  instrument  made 

It w a s  no t  poss ib l e  t o  d i s c r i m i n a t e  between 

4 

, 

effluent gas 
Figure 1. EGA-DTA se tup  

1: sample con ta ine r ,  2 :  r e l eased  gas d e t e c t o r ,  3 :  a m p l i f i e r  (DTA), 
4 :  Dewar  f l a s k  f o r  cold re ference ,  5: thermometer, 6 :  br idge  c i r c u i t ,  
7: two pen recorder  

& 2.2 Thermogravimetric a n a l y s i s  (TGA) 
f 

A b i o l o g i c a l  research  type  TGA instrument made by t h e  Hamada E l e c t r i c  
Company w a s  used t o  determine t h e  weight l o s s  curve on hea t ing .  The rate of 
h e a t i n g  and atmosphere of h e a t i n g  were t h e  same as f o r  t h e  DTA measurements. 

2 . 3  S p e c i f i c  h e a t  measurements 

The changes i n  t h e  s p e c i f i c  h e a t  of t h e  s t a r t i n g  material  as i t  w a s  

The atmosphere used he re  w a s  a i r  alone.  
be ing  hea ted  were determined w i t h  an  ad iaba t i c  s p e c i f i c  h e a t  appara tus  made 
by t h e  Rigaku Electr ic  Company. 

Comparing t h e  va r ious  r e s u l t s  of  t h e  measurements mentioned above, i t  
i s  p o s s i b l e  t o  g e t  some i n s i g h t  t o  the  processes  of continuous changes 
t ak ing  p l a c e  w i t h i n  t h e  s t a r t i n g  material bu t  i t  is  n o t  p o s s i b l e  t o  o b t a i n  
q u a n t i t a t i v e  d a t a  at t h e  p a r t i c u l a r  spot a t  which t h e  change w a s  t ak ing  
place.  I n  o t h e r  words, in format ion  on i t e m s  l i k e  t h e  type  and quan t i ty  of 
t h e  c r y s t a l l i n e  phase,  amount of  amorphous phase,  amount of carbonate ,  and 
amount of adsorbed gas w e r e  no t  obtainable .  The s p e c i a l  DTA appara tus  men- 
t i oned  w a s  then  used t o  see i f  i t  could supply t h i s  in format ion ,  and DTA 
curves were recorded. Heatings a t  10°C/min were c a r r i e d  out  i n  a number of 
atmospheres. A s  soon as t h e  s a m p l e  reached t h e  top  p resc r ibed  temperature ,  
i t  w a s  quickly removed from t h e  furnace and p laced  w i t h i n  d e s s i c a t o r  where 
i t  w a s  quick cooled. Th i s  w a s  t h e  ma te r i a l  t o  b e  used i n  t h e  s t u d i e s  t o  
follow. 

3 
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2.4 Mkrod i f fus ion  a n a l y s i s  

I 

L 

It w a s  f e l t  t h a t  t h e r e  would be some s o r t  of bonding s t a t e  between a 
po r t ion  of t h e  gas expel led  and t h e  oxide at t h e  po in t  of appearance of t h e  
exothermic peak, and t h e  ex ten t  of  t h i s  bonding would show some relevancy s o  
a microdi f fus ion  a n a l y s i s  w a s  made t o  check t h e  carbonate  source  and t h e  
amount of CO;! gas [4] .  This  method can be b r i e f l y  descr ibed  i n  t h e  fo l lowing  
manner. About 2-3 mg of sample which had been hea ted  t o  t h e  p re sc r ibed  t e m -  
p e r a t u r e  i n  DTA apparatus  and cooled was weighed accura t e ly  and placed w i t h i n  
t h e  o u t e r  chamber of t h e  microdi f fus ion  appara tus  (made by Shiba ta  Chemical 
Equipment Company). Also, some absorbing s o l u t i o n  (0.01 N Ba(OH)2) and 
some decomposing s o l u t i o n  ( 1  N H2S04) were placed i n  t h i s  o u t e r  chamber a f t e r  
which t h e  cover w a s  replaced.  
t h e  sample  made contac t  wi th  t h e  decomposing s o l u t i o n .  Af t e r  one hour stand- 
i n g ,  t h e  barium hydroxide t h a t  w a s  l e f t  w a s  t i t r a t e d  w i t h  0.1 N s tandard  HCL 
s o l u t i o n  through a microburet using 3:l 0.1% thymol blue-0.1% c r e s o l  red 
mixed i n d i c a t o r .  The amount of CO;! r e leased  w a s  ob ta ined  by d i f f e rence .  
The C 0 2  i n i t i a l l y  p re sen t  w i t h i n  t h e  uni t  w a s  determined by a b lank  run. 

This  u n i t  was then  t i l t e d  i n  such a way t h a t  

2.5 I n f r a r e d  absorp t ion  spectrum 

A H i t a c h i  i n f r a r e d  spectrometer  was used f o r  t h e  K B r  d i s k  de te rmina t ion  
of t h e  i n f r a r e d  spectrum. 
used as s t anda rds  f o r  t h e  -OH and -Cog absorp t ions .  
f o r  magnesia (MgO) w a s  s t a r t i n g  ma te r i a l  which had been ca l c ined  one hour a t  
600OC. 

B r u c i t e  (Mg(0H)Z) and I n d i a  magnesite (MgC03) w e r e  
The s tandard  r e fe rence  

2.6 X-ray d i f f r a c t i o n  

A model D-2 re f rac tometer  made by Rigaku Electr ic  Company w a s  used f o r  
t h e  d i f f r a c t i o n  ana lys i s .  F i r s t  of a l l ,  a q u a l i t a t i v e  a n a l y s i s  of t h e  
material be fo re  and a f t e r  the appearance of each peak i n  t h e  DTA curve w a s  
made. Next, a more d e t a i l e d  s tudy  w a s  made of t h e  amount of MgO c r y s t a l  and 
t h e  s i z e  of c r y s t a l l i t e s .  The opera t ing  condi t ions  were; t a r g e t :  CuK,, f i l -  
ter:  N i ,  p o t e n t i a l :  25 kV, cu r ren t :  1 0  mA, scanning speed: 1/2O/min, and 
t i m e  cons tan t :  4 sec. The (220) d i f f r a c t i o n  p r o f i l e  of t h e  MgO w a s  used f o r  
t h e  de te rmina t ion  of t h e  amount of MgO c r y s t a l  and t h e  c r y s t a l l i t e  s i z e .  
The i n t e r n a l  s tandard  method [5] w a s  used t o  determine t h e  amount of c r y s t a l  
formed. 
area r a t i o  taken from t h e  d i f f r a c t i o n  p r o f i l e  w a s  r e f e r r e d  t o  a s tandard  
curve.  Reagent grade K C 1  w a s  t h e  i n t e r n a l  s t anda rd ,  and s tandard  MgO w a s  
prepared by hea t ing  s t a r t i n g  material t h r e e  hours a t  1500°C. 
l i t e  s i z e  w a s  ca l cu la t ed  from t h e  ha l f  width of t h e  d i f f r a c t i o n  p r o f i l e  

The i n t e r n a l  s tandard  and sample  were mixed i n  1:2 r a t i o ,  and t h e  

The c r y s t a l -  

[61. 
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2.7 Determination of s p e c i f i c  area 

The monomolecular adsorp t ion  of n i t rogen  a t  l i q u i d  n i t r o g e n  temperature  
w a s  c a l c u l a t e d  from t h e  BET equat ion using a least  squares  a proach. The 
area occupied by one n i t rogen  molecule was taken t o  b e  16.2 1 . 

b 2.8 Elec t ron  microscope s tudy  

The material w a s  d i spersed  i n  No. 4 va rn i sh  f o r  observa t ion  under an . e l e c t r o n  microscope (Nippon Elec t ron  Company Superscope model 50) t o  s tudy  
t h e  morphology of t h e  material before  and a f t e r  each peak. 
n i f i c a t i o n  w a s  2000 t i m e s .  

The d i r e c t  mag- 

d 

3 Resul t s  and Discussion 

3 . 1  DTA 

The rate of h e a t i n g  (5, 10,  15'C/min) has  a g r e a t  e f f e c t  on t h e  DTA 
curves.  
rate of  hea t ing ,  and t h e  n e t  e f f e c t  i s  a h igher  temperature  f o r  each phenom- 
enon. There w a s ,  however, no exothermic peak observable  when t h e  hea t ing  
rate w a s  5"C/min. 

The h e a t  absorp t ion  and r e l e a s e  peaks s h i f t  upward wi th  inc reas ing  

Next, t h e  rate of hea t ing  was f ixed  a t  lO"C/min, and measurements were 
made under reduced p res su re ,  a i r ,  n i t rogen  flow, and C02 atmospheres t o  see 
what e f f e c t  t h e  atmosphere had on t h e  DTA curves.  The r e s u l t s  are shown i n  
Fig. 2. About t h e  same r e s u l t s  were obtained from a i r  o r  n i t rogen  as t h e  
surrounding atmosphere wi th  h e a t  absorpt ions be ing  ind ica t ed  a t  110, 335, 
450,  and 52OOC along wi th  a sharp  exothermic i n d i c a t i o n  a t  505°C. The h e a t  
absorp t ion  peaks appeared a t  lower temperatures when t h e  hea t ing  w a s  a t  
reduced atmosphere, and no exothermic peak w a s  seen. Compared t o  t h e  curve 
i n  a i r ,  t h e  curve i n  C02 atmosphere showed a l a r g e r  h e a t  absorp t ion  peak a t  
460°C which a c t u a l l y  broke up i n t o  two s t e p s .  The h e a t  absorp t ion  peak that 
followed t h e  exothermic peak not  only was s h i f t e d  t o  t h e  high temperature  
s i d e  but  w a s  a l s o  l a r g e r .  The outs tanding f e a t u r e  h e r e  is  t h e  f a c t  t h a t  t h e  
exothermic peak h e r e  i s  very l a r g e  compared t o  t h e  o t h e r  curves.  Th i s  exo- 
thermic peak he re  appeared a t  505OC j u s t  as w a s  s een  by t h e  hea t ing  i n  air .  

From t h e  r e s u l t s  descr ibed  above i n  which t h e  magnitude of t h e  exother- 
m i c  peak w a s  t h e  g r e a t e s t  i n  C02 atmosphere would sugges t  some r e l a t i o n  
between t h e  p a r t i a l  p re s su re  of GO2 gas and t h e  magnitude of t h i s  exothermic 
peak. 
atmosphere i n d i c a t e s  t h a t  t h e r e  i s  no d i r e c t  i n t e r a c t i o n  between C02 and t h e  
sample. The exothermic peak does n o t  appear under reduced p res su re  and t h i s  
f a c t  coupled wi th  t h e  h e a t  absorp t ion  process  due t o  t h e  d i s s o c i a t i o n  of t h e  
carbonate  s a l t  i s  e s s e n t i a l l y  complete a t  about 450°C i n d i c a t e  t h a t  t h e  
atmosphere f o r  t h i s  exothermic r eac t ion  is  c rea t ed  by the  d i s s o c i a t i o n  and 

On t h e  o t h e r  hand, t h e  appearance of t h i s  peak i n  n i t r o g e n  o r  a i r  

5 
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. 

is  r e l a t e d  t o  t h e  ease of release of C02 held w i t h i n  t h e  amorphous oxide.  
The ease of release of t h i s  CO2 seems t o  b e  r e l a t e d  t o  t h e  magnitude of t h i s  
exothermic peak. 

exothermic 

endothermic 

Figure 2. Rela t ion  between the DTA curve and atmosphere 

( 1 ) :  under reduced atmosphere, (2)  i n  n i t rogen ,  (3)  i n  a i r ,  ( 4 )  i n  C02 gas 

The s imultaneous de te rmina t ion  of the  EGA-DTA curves i s  shown i n  Fig. 3.  
t h i s  d i s s o c i a t i o n  , These r e s u l t s  w e r e  ob ta ined  i n  a i r .  

condensed w i t h i n  t h e  l i n e s  and could not b e  de t ec t ed  (some water w a s  recov- 
ered when t h e  connect ing l i n e s  were placed w i t h i n  t h e  thermosta t ) .  
s t a r t i n g  nater ia l  r e l e a s e s  water and CO2 by thermolys is ,  and t h e  450 and 
520°C h e a t  absorp t ion  peaks shown i n  Fig. 2 are t h e  C 0 2  release peaks whi le  
t h e  o t h e r  endothermic peaks are assoc ia ted  wi th  water release. 
clear t h a t  t h e  exothermic peak a l s o  i s  as soc ia t ed  wi th  C02 release. On t h e  
o t h e r  hand, i t  is d i f f i c u l t  t o  conceive t h a t  a d i s s o c i a t i o n  r e a c t i o n  i s  
exothermic s o  t h a t  i t  i s  not  t h e  case t h a t  t h e  cause f o r  t h i s  exothermic 

The water formed by 
r 

The 

It i s  a l s o  

peak i s  t h e  release of CO 

gas generation 

exothermic 

endothermic 

by t h e  d i s soc ia t ion .  
7 

Figure 3. EGA-DTA curves ( i n  a i r )  

(1) : EGA, (2) : DTA 

6 
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3 . 2  TGA 

The TGA curve f o r  t h e  s t a r t i n g  ma te r i a l  i s  shown i n  Fig. 4 ,  The ord i -  
n a t e  i s  c a l i b r a t e d  such t h a t  a completely d i s s o c i a t e d  material w i l l  r e g i s t e r  
100%. There i s  no simultaneous TGA and DTA de termina t ions  h e r e  s o  t h a t  i t  is  
unreasonable t o  make r igorous  comparisons wi th  t h e  r e s u l t s  of t h e  s tudy  i n  

t h e  DTA endothermic peak and t h e  sharp  l o s s  i n  weight appear.  
where t h e  exothermic peak appears  t h e r e  is a decreased rate of weight loss 

t h e r e  i s  good agreement wi th  t h e  exothermic peak of C02 release seen  i n  t h e  
EGA curve. 

b which t h e  hea t ing  rates were va r i ed ,  however, there i s  good agreement where 

be fo re  and a f t e r  t h e  peak, b u t  t h e r e  i s  a continuous loss i n  weight ,  

A t  t h e  s e c t i o n  

end c 

- 
1 @\I 

weight l o s s  
(%) 

temperature ("C) 

F igure  4 .  Curve showing weight loss  of s t a r t i n g  material  on h e a t i n g  

3 . 3  S p e c i f i c  hea t  curve 

The r e s u l t s  of measurements i n  a i r  are shown i n  Fig.  5. It would seem 
t h a t  t h e  t h r e e  peaks seen  he re  correspond t o  t h e  endothermic processes  a t  
335, 450,  and 520°C b u t  t h e r e  is ac tua l ly  a s i g n i f i c a n t  s h i f t  t o  t h e  lower 
temperatures  i n  each peak. It is  thought t h a t  should t h e r e  be a lowering i n  
tempera ture  due t o  t h e  h e a t  of r e a c t i o n  i n  t h e  s p e c i f i c  h e a t  measurement, 
t h e r e  w i l l  be  a s t a g n a t i o n  be fo re  t h e  temperature begins  t o  rise. I n  con- 
t r a s t ,  t h e  DTA uses a l i n e a r  ra te  of heating. The two peaks on t h e  h igher  
s i d e  of t h e  s p e c i f i c  h e a t  determinat ions may be  thought t o  correspond t o  t h e  
450 and 52OOC endothermic peaks of t h e  DTA curve which are a s soc ia t ed  w i t h  
two s e p a r a t e  r e a c t i o n s  t h a t  t ake  p l a c e  a t  s e p a r a t e  temperatures.  Both reac- 
t i o n s  release C 0 2  gas ,  b u t  t h e  mechanism i s  apparent ly  d i f f e r e n t .  The 
o r d i n a t e  here i s  c a l i b r a t e d  i n  t h e  time (sec)  requi red  t o  raise the  sample 
tempera ture  by 1 ° C .  

7 
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temperature ("C) 

Figure 5. S p e c i f i c  hea t  curve of s t a r t i n g  material 

3.4 Microdi f fus ion  a n a l y s i s  
I 

The carbonate  conten t  and the adsorbed C02 i n  mols w e r e  determined f o r  
t h e  sample removed from t h e  DTA apparatus.  This  sample had p a r t i a l l y  under- 
gone weight l o s s  due t o  h e a t i n g  such t h a t  t h e r e  w a s  d i f f e r e n c e  i n  t h e  compo- 
s i t i o n  of t h e  sample between runs,  and the  sample weight versus  mols CO2 
between runs could no t  b e  compared. As a r e s u l t ,  t h e  r a t i o s  between t h e  
mols CO2 versus  mols MgO i n  t h e  samples  were determined, and t h e s e  changes 
are compared i n  Fig. 6. 
t h e  sample t h a t  had been used f o r  t h e  C02 determina t ions  and hea t ing  i t  
u n t i l  i t  w a s  completely d i s soc ia t ed .  

The mols MgO was determined by t ak ing  a po r t ion  of 

mol CO2/ 
mol MgO 

t e m p e r a t u r e  ("C)  

Figure 6. Changes i n  C02 conten t  of sample 
-0-: i n  CO2 gas ,  -0-: i n  a i r ,  -A-:  under reduced p res su re  

The changes i n  C 0 2  conten t  decreased monotonously w i t h  r i s i n g  temper- 
a t u r e  under reduced p res su re .  
dec rease  near  440-460°C when t h e  hea t ing  w a s  i n  a i r  t o  b e  followed by a 
sha rp  drop aga in  a t  about 510OC. 
h e a t i n g  i n  CO2,  bu t  h e r e  aga in  t h i s  r a t e  of l o s s  s lackens  near  440-470°C 
j u s t  as i n  a i r  followed by resumed rapid ra te  of weight decrease  along about 
500°C. The ra te  of decrease  became smaller i n  both a i r  and C02. The C02 
con ten t  of t h e  sample b e f o r e  t h e  exothermic peak w a s  g r e a t e s t  when t h e  heat-  
i n g  w a s  i n  CO2 followed by hea t ing  i n  a i r ,  and t h i s  conten t  w a s  t h e  lowest 
i n  h e a t i n g  under reduced pressure .  When t h e  r e s u l t s  of t h e s e  a n a l y s i s  are 

8 

There was a drop i n  the ra te  of weight 

There i s  a l s o  a r ap id  drop i n  weight on 
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combined w i t h  t h e  DTA r e s u l t s ,  i t  is  seen t h a t  t h e  magnitude of t h i s  exo- 
thermic peak is l a r g e  when t h e  C02 content j u s t  be fo re  t h i s  peak i s  l a r g e ,  
and t h e  concept t h a t  t h i s  exothermic peak i s  l a r g e r  t h e  more d i f f i c u l t  t h e  
sepa ra t ion  of t h e  C02 r e l eased  by t h e  d i s s o c i a t i o n  from t h e  amorphous oxide 
i s  supported.  
t h i s  i s  not  t h e  d i r e c t  cause of t h i s  peak. 

On t h e  o t h e r  hand, t h e  r e l e a s e  of C02 i s  not  exothermic s o  

I 

3.5 I n f r a r e d  absorp t ion  spectrum 

" The i n f r a r e d  absorp t ion  s p e c t r a  of t h e  s t a r t i n g  sample, va r ious  hea ted  
samples, MgO, and MgC03 are shown i n  Fig. 7. The spectrum of t h e  s t a r t i n g  
material shows a two s t e p  peak near  3500 c m - l ,  a peak near  1600 cm-', two 
sharp peaks a t  1480 and 1440 cm-', and small peaks a t  870, 8 4 0 ,  and 790 cm-l .  
Heating t o  j u s t  below t h e  endothermic peak a t  335°C shows only t h e  l o s s  of 
t h e  3500 cm-' peak which i s  t h e  only d i f f e r e n c e  from t h e  spectrum of t h e  
s t a r t i n g  material  a l though t h e  o v e r a l l  absorp t ion  is  smaller. The material 
heated t o  j u s t  below t h e  450°C endothermic peak g ives  a spectrum very  s i m i l a r  
t o  t h a t  of MgC03. Thus, i t  i s  clear t h a t  t h e  endothermic peak a t  335°C i s  
a s s o c i a t e d  wi th  t h e  r e a c t i o n  i n  which an -OH group is  l o s t .  The broad ab- 
s o r p t i o n  a t  1540 cm-' be l ieved  t o  be due t o  C02- is  seen t o  have decreased 
i n  t h e  samples hea ted  t o  440, 500,  o r  520°C which i s  be l ieved  t o  show t h e  
progress  of t h e  C 0 2  a b s t r a c t i o n  reac t ion .  
t ype  bonding i n  t h e  sample heated t o  500°C where t h e  C02 a b s t r a c t i o n  s t a r t -  
i n g  a t  450°C as shown by t h e  DTA curve is considered e s s e n t i a l l y  complete 
j u s t  be fo re  t h e  exothermic peak. This  i s  not  seen  i n  the  sample hea ted  t o  
520°C. 

- 

There is t h e  i n d i c a t i o n  of a C02= 

I 

Figure  7. I n f r a r e d  absorp t ion  s p e c t r a  

(1) s t a r t i n g  mater ia l ,  ( 2 ) ,  ( 3 ) ,  (4) :  heated t o  440, 500,  52OoC, ( 5 ) :  MgO, 
(6) : MgC03 

9 



NASA TT F-11,858 

3.6 X-ray a n a l y s i s  

Q u a l i t a t i v e  analyses  were made of t he  samples j u s t  be fo re  and a f t e r  
each endothermic peak, and t h e  d i f f r a c t i o n  p a t t e r n  of material be fo re  t h e  
335°C endothermic peak w a s  l i t t l e  d i f f e r e n t  from t h a t  of t h e  s t a r t i n g  sample. 
Heating t o  p a s t  t h e  f i r s t  endothermic peak a t  37OOC changes t h e  d i f f r a c t i o n  
p a t t e r n  t o  what w a s  considered an e s s e n t i a l l y  amorphous mater ia l  having j u s t  
one very weak d i f f r a c t i o n  l i n e  a t  28 = 12.5'. Heat ing p a s t  t h e  450°C endo- 
thermic peak gave very widely spread and weak abso rp t ion  l i n e s  due t o  MgO, 
and t h i s  broadening narrowed wi th  increas ing  l i n e  i n t e n s i t i e s  as t h e  temper- 
a t u r e  w a s  made s t i l l  h igher .  The d i f f r a c t i o n  l i n e s  r epor t ed  by D e l l  e t  al. 
[ 7 ]  t o  be t h e  MgC03 l i n e s  and which were considered t o  be  t h e  cause of t h e  
exothermic peak were no t  observed here .  
MgCO3 w a s  observed near  t h e  exothermic peak i n  a s e p a r a t e  experiment i n  t h e  
s tudy  of t h e  thermolys is  of b a s i c  magnesium carbonate  ( 3  MgC03-Mg(OH)2*3 H20) 
prepared by t h e  Murotani procedure [7]. It i s  ev iden t  t h a t  MgCO3 formation 
can r e s u l t  nea r  t h e  exothermic peak depending on t h e  composition of t h e  
s t a r t i n g  material, bu t  t h e  exothermic peak appears  r e g a r d l e s s  of whether 
t h e r e  is  MgC03 formation o r  no t .  A s  a r e s u l t ,  t h e  exothermic peak i s  
thought t o  be  un re l a t ed  t o  t h e  formation of MgC03. 

L 

On t h e  o t h e r  hand, t h e  formation of 

The r e l a t i o n  between t reatment  atmosphere and c r y s t a l l i t e  s i z e  i s  shown 
i n  Fig. 8. This  s i z e  is  least when hea t ing  is  under reduced p res su re  and 
s l i g h t l y  g r e a t e r  when t h e  hea t ing  is i n  a i r .  It i s  g r e a t e s t  when t h e  heat-  
i n g  i s  i n  C02. The c r y s t a l l i t e  s i z e  grew slowly w i t h  hea t ing  under reduced 
p res su re  o r  i n  a i r  whi le  t h e r e  w a s  a sharp i n c r e a s e  i n  s i z e  j u s t  be fo re  t h e  
exothermic peak when t h e  hea t ing  was i n  C02. This  rate of growth slowed 
down cons iderably  a f t e r  t h e  peak. It is i n t u i t i v e l y  assumed t h a t  t h e  r ap id  
growth i n  c r y s t a l l i t e  s i z e  j u s t  be fo re  t h e  exothermic peak is  one of t h e  
f a c t o r s  r e spons ib l e  f o r  t h e  appearance of t h i s  peak. 
assume t h a t  t h e  release of s u r f a c e  energy as a r e s u l t  of c r y s t a l l i t e  growth 
i s  t h e  d r i v i n g  f o r c e  which b r ings  about t h i s  exothermic process .  On t h e  
o t h e r  hand, very l i t t l e  growth w a s  seen  when a sample w a s  hea ted  i n  a i r  f o r  
t h e  DTA a n a l y s i s  i n  which t h e  exothermic peak d e f i n i t e l y  appeared. 
s u r f a c e  energy r e l eased  i n  t h i s  i n s t ance  w a s  meager. A s  a r e s u l t ,  t h e r e  
seems t o . b e  no r e l a t i o n  between t h e  exothermic peak and t h e  release of sur -  
f a c e  energy when b a s i c  magnesium carbonate i s  sub jec t ed  t o  DTA a n a l y s i s .  

The r e l a t i o n  between t h e  h e a t i n g  atmosphere and amount of MgO c r y s t a l  
is  shown i n  Fig. 9. Heating i n  air  r e su l t ed  i n  h igh  c r y s t a l  r a t i o  s t a r t i n g  
i n  a t  low temperature.  The d i s s o c i a t i o n  proceeds much more r ap id ly  from 
low temperature  i n  a reduced p res su re  atmosphere b u t  t h e  c r y s t a l  r a t i o  i s  
less than  i n  air .  C r y s t a l l i z a t i o n  i s  delayed when t h e  hea t ing  i s  i n  C 0 2  
medium, and MgO c r y s t a l l i z a t i o n  i s  n o t  seen  u n t i l  t h e  temperature is  rela- 
t i v e l y  high.  

It seems reasonable  t o  

The 
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0 '  ' 
131) 590 m 

temperature ("C) 

Figure 8. Rela t ion  between crystal l i te  s i z e  and atmosphere 
(symbols same a s  i n  Fig. 6) 

There i s  a sharp  i n c r e a s e  i n  t h e  c r y s t a l  r a t i o  t h a t  accompanies r i s i n g  
temperature  j u s t  be fo re  t h e  exothermic peak when t h e  hea t ing  i s  i n  C02 o r  i n  
a i r  i n  which media t h e  exothermic peak appears.  
g r e a t e s t  i n  C02 gas i n  which c r y s t a l l i z a t i o n  w a s  most r ap id .  On t h e  o t h e r  
hand, t h e  release of s u r f a c e  energy r e s u l t i n g  from t h e  increased  MgO c r y s t a l -  
l i t e  s i z e  which process  i s  thought t o  be t h e  f a c t o r  r e spons ib l e  f o r  t h e  
appearance of t h e  exothermic peak and the c r y s t a l l i z a t i o n  of amorphous MgC03 
repor ted  by D e l l  [ 3 ]  cannot b e  considered i n  t h e  same l i g h t .  A l a r g e r  C 0 2  
p a r t i a l  p re s su re  makes f o r  a l a r g e r  exothermic peak, and t h e  r e s u l t s  of t h e  
microdi f fus ion  a n a l y s i s  i n d i c a t e d  that  t h i s  peak was l a r g e r  t h e  g r e a t e r  t h e  
r e s i d u a l  C 0 2  j u s t  be fo re  t h i s  peak. These  r e s u l t s  i n d i c a t e  t h a t  t h e  exo- 
thermic peak i s  l a r g e r  t h e  more d i f f i c u l t  i t  i s  t o  remove t h e  C02 t h a t  i s  
incorpora ted  w i t h i n  t h e  amorphous oxide. 
however, cannot be  taken t o  be  t h e  same as t h e  exothermic process .  When a l l  
t h e  information der ived  thus  f a r  i s  combined w i t h  t h e  conclusions of Rao [l] 
and Beck [ 3 ] ,  i t  seems most reasonable  t o  accept  t h e  concept t h a t  t h i s  exo- 
thermic process  is  due t o  t h e  c r y s t a l l i z a t i o n  of amorphous oxide.  
o t h e r  hand, no exothermic peak w a s  seen during t h e  hea t ing  under reduced 
p r e s s u r e  even though there w a s  a degree of c r y s t a l  growth h e r e  comparable t o  
t h a t  r e s u l t i n g  from hea t ing  i n  air. 
i t e l y  t h a t  h e a t i n g  i n  a i r  w a s  accompanied by t w o  endothermic peaks a t  445 
and 52OOC both be fo re  and a f t e r  t h e  exothermic peak which are a s soc ia t ed  
wi th  C 0 2  release. There is only one such peak when t h e  hea t ing  i s  under 
reduced p res su re ,  and t h i s  may somehow b e  t h e  key t o  t h i s  problem. 
would have been expected from t h e  r a t e  of c r y s t a l  growth which w a s  n e a r l y  
t h e  same as t h e  rate i n  a i r  t h a t  heat ing i n  vacuum would g ive  a comparable 
exothermic peak, The microdi f fus ion  ana lys i s  i nd ica t ed  that  C02 a b s t r a c t i o n  
w a s  r e a d i l y  c a r r i e d  o u t  under reduced p res su re ,  and t h i s  behavior  must have 
some e f f e c t  on t h e  DTA curve such t h a t  no exothermic peak w a s  observed. The 
va r ious  i t e m s  mentioned above l ead  us t o  b e l i e v e  t h a t  t h e  exothermic process  
t h a t  appears  on t h e  DTA curve of bas ic  magnesium carbonate  is due t o  t h e  
c r y s t a l l i z a t i o n  of amorphous oxide.  In  t h e  a c t u a l  s i t u a t i o n ,  however, t h e  

The exothermic peak w a s  

The phenomenon of C02 release, 

On t h e  

The DTA and EGA r e s u l t s  showed def in-  

It 
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appearance of t h i s  exothermic peak and i ts  magnitude are g r e a t l y  a f f e c t e d  by 
t h e  ease a t  which CO2 incorpora ted  wi th in  t h e  amorphous oxide i s  removed. 

70 

5 0 -  

30- 

10 

C r y s t a l  
r a t i o  

(%I 

9 0 - :  

7 
- 

- 
400 500 600 

Figure 9. Rela t ion  between c r y s t a l  r a t i o  and atmosphere 
(symbols same as i n  Fig.  6 )  

3.7 S p e c i f i c  s u r f a c e  area 

The r e s u l t s  of s p e c i f i c  su r face  a rea  measurements are shown i n  Fig. 10. 
Maxima are observed i n  t h e  curves f o r  heat ing under reduced p res su re  and i n  
a i r  a t  about 480°C which i s  j u s t  a f t e r  t h e  d i s s o c i a t i o n  r e a c t i o n  t h a t  re- 
leases C02. 
Generally speaking,  t h e  s p e c i f i c  sur face  area i s  l a r g e s t  j u s t  a f t e r  d i s s o c i -  
a t i o n  and decreases  t h e r e a f t e r  as t h e  temperature is  r a i sed .  The endothermic 
peaks be fo re  and a f t e r  t h e  exothermic peak which are a s soc ia t ed  w i t h  t h e  C 0 2  
release t h a t  are seen  on t h e  DTA curve a r e  somewhat d i sp laced  t o  the  h igh  
temperature  s i d e  when t h e  hea t ing  is  i n  CO2 as compared t o  h e a t i n g  i n  a i r .  
This  is  thought t o  have caused t h e  maximum i n  t h e  s p e c i f i c  s u r f a c e  area t o  
have s h i f t e d  t o  t h e  h igh  temperature d i r ec t ion .  

This  maximum comes near 52OOC when t h e  hea t ing  i s  i n  C 0 2 .  

S p e c i f i c  
surf ace 
area 
(M2 / g) 

ZW l i j o  500 GOO 

temperature ("C) 

Figure  10. Rela t ion  between s p e c i f i c  s u r f a c e  area and atmosphere 
(symbols same as i n  Fig. 6 )  

3.8 Elec t ron  microscope observa t ions  

A l l  t h e  samples w i t h  t h e  d i f f e r e n t  t rea tments  showed t h e  same shape as 
t h e  s t a r t i n g  material, and t h e r e  was very l i t t l e  d i f f e r e n c e  w i t h  t h e  

12 
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temperature  o r  t h e  atmosphere of t h e  heat t rea tment .  Also no d i f f e r e n c e s  
were noted j u s t  be fo re  and a f t e r  t h e  exothermic peak. 

The above i t e m w a s  followed i n  a separa te  s tudy ,  and t h e  fo l lowing  
gene ra l  conclusion is  poss ib l e .  Heating t h e  s t a r t i n g  material r e s u l t s  i n i -  
t i a l l y  i n  a l o s s  of water t o  form t h e  amorphous magnesium carbonate .  This  
material releases C02 near  45OOC with  absorpt ion of hea t  t o  form t h e  amor- 
phous magnesium oxide. 
c r y s t a l l i n e  oxide.  

sr 

Fur ther  hea t ing  conver t s  t h i s  amorphous oxide t o  t h e  

W 
b 

The exothermic process  is  thought to  b e  due t o  t h e  c r y s t a l l i z a t i o n  of 
magnesium carbonate ,  bu t  i t  should be kept i n  mind t h a t  t h e  appearance and 
t h e  magnitude of t h e  exothermic peak on t h e  DTA curve are r e l a t e d  t o  t h e  
ease wi th  which t h e  C02 t h a t  i s  incorporated by t h e  amorphous oxide i s  re- 
leased .  In  o t h e r  words, t h e  exothermic peak is  l a r g e r  t h e  more d i f f i c u l t  
t h i s  CO2 is  t o  remove and smaller t h e  more ready i t s  removal. No exothermic 
peak i s  s e e n  i n  vacuum i n  which C02 i s  most e a s i l y  removed. 

This  paper is  P a r t  1 6  of t h e  s e r i e s  “Thermal Di s soc ia t ion  Reaction Stu- 
d i e s  of So l ids  .‘I 

The preceeding paper  of t h i s  s e r i e s  w a s  Toshiak i  Tomizawa, Hidehisa 
Hashimoto, Konchokichi Shigeki ,  Koka, 70, 2129 (1967). 
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